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T HE Engineering Experiment Station was established by act
of the Board of Trustees of the University of Illinois on De-
comber 8, 1903. It is the purpose of the Station to conduct
investigations and make studies of importance to the engineering,
manufacturing, railway, mining, and other industrial interests of the
State.
The management of the Engineering Experiment Station is vested
in an Executive Staff composed of the Director and his Assistant, the
Heads of the several Departments in the College of Engineering, and
the Professor of Industrial Chemistry. This Staff is responsible for
the establishment of general policies governing the work of the Station,
including the approval of material for publication. All members of
the teaching staff of the College are encouraged to engage in scientific
research, either directly or in cooperation with the Research Corps
composed of full-time research assistants, research graduate assistants,
and special investigators.
To render the results of its scientific investigations available to
the public, the Engineering Experiment Station publishes and dis-
tributes a series of bulletins. Occasionally it publishep circulars of
timely interest, presenting information of importance, compiled from
various sources which may not readily be accessible to the clientele
of the Station, and reprints of articles appearing in the technical press
written by members of the staff.
The volume and number at the top of the front cover page are
merely arbitrary numbers and refer to the general publications of the
University. Either above the title or below the seal is given the num-
ber of the Engineering Experiment Station bulletin, circular, or reprint
-which should be used in referring to these publications.
For copies of publications or for other information address
THE ENGINEERING EXPERIMENT STATION,,
UnANrA, ILLXnOis
\. ;, : .''*, i '"" 1  '' ,: .' ' '*:*/' '.' i- /* " '/ 'X v sn ^ i ^b s -
*' * ^ 
1 
- ' 
:  
' ^ * ^ . " ' 
: i  / 
~ 
i 
" ' '' ' ** * "i * i V A ^ A I w s
^ . ' . -
! :
:.'. ^ **;r ' ''-'*' .'
11
' .* 
l
', '
<
*^ -. ^ - ' *
:
, - ."
UNIVERSITY OF ILLINOIS
ENGINEERING EXPERIMENT STATION
TIN No. 282 MA
THE CAUSE AND PREVENTION OF
STEAM TURBINE BLADE DEPOSITS
BY
FREDERICK G. STRAUB
SPECIAL RESEARCH ASSISTANT PROFESSOR OF
CHEMICAL ENGINEERING
.Y, 1936
ENGINEERING EXPERIMENT STATION
PUBLISHED BY THE UNIVERSITY OF ILLINOIS, URBANA
BULLET
4000-2-36-9272
UNIVERSITY
OF LLIN I
-1-RSS•
CONTENTS
PAGE
I. INTRODUCTION . . . . . . . . . . . . . 5
1. Purpose of Investigation . . . . . . . . 5
2. Method of Investigation . . . . . . . . 5
3. Sponsors of Investigation . . . . . . . . 6
4. Acknowledgments . . . . . . . . . . 6
II. CENTRAL STATION EXPERIENCE . . . . . . . . 7
5. Resume of Central Station Experience . . . . 7
III. LABORATORY EXPERIMENTS .. . . . . . . 14
6. Possible Cause of Deposits . . . . . . . . 14
7. Concentration of Sodium Hydroxide Necessary for
Deposit to Be Formed . . . . . . . . 22
8. Prevention of Deposit . . . . . . . . . 30
9. Effect of Contaminating Steam with Boiler Water . 36
IV. PLANT EXPERIMENTS . . . . . . . . . . . 41
10. Test Unit Used in Plant Experiments . . . . 41
11. Modification of Water Treatment to Prevent Deposit 45
V. DISCUSSION OF RESULTS . . . . . . . . . . 48
12. Cause of Blade Deposits . . . . . . . . 48
13. Prevention of Blade Deposits . . . . . . . 49
VI. CONCLUSIONS . . . . . . . . . . . . . 50
14. Summary of Conclusions . . . . . . . . 50
LIST OF FIGURES
NO. PAGE
1. Concentration of Sodium Hydroxide in Relation to Temperature and Steam
Pressure ... . . . . . . . . . . . . . . . . 16
2. Apparatus Used for Initial Laboratory Tests . . . . . . . . . 17
3. Blade Holder Used in Initial Laboratory Tests . . . . . . . . 17
4. Photographic Views of Blades After Tests Made Using Steam with Sodium
Hydroxide Present . . . . . . . . . . . . . . . . 19
5. Photographic Views of Blades After Tests Made Using Steam with Various
Salts Present . . . . . . . . . . . . . . . .. . 20
6. Photographic Views of Blades After Tests Showing Effect of Presence of
Carbon Dioxide in the Steam . . . . . . . . . . . . 21
7. Apparatus for Laboratory Tests as Modified After Initial Tests . . . 22
8. Details of Blade Holder Used in Second Series of Tests . . . . . . 23
9. Apparatus Used for Sampling Steam Before Admission to Blade Holder . 27
10. Conductivity Cells and Glass Electrodes as Arranged for Tests . . . . 27
11. Photographic Views of Blades After Tests . . . . . . . . . . 29
12. Apparatus Used for Higher-Pressure Tests and Contamination of Steam
from Boiler Water . . . . . . . . . . . . . . . . 36
13. Photographic View of Apparatus Used for Higher-Pressure Tests and
Contamination of Steam from Boiler Water . . . . . . . . . 37
14. Test Unit Used in Plant Tests . . . . . . . . . . . . . 42
15. Photographic View of Test Unit Used in Plant Tests . . . . . . . 42
16. Photographic View of Blades and Top of Test Unit Used in Plant Tests . 43
17. Characteristics of Experimental Unit . . . . . . . . . . . 44
18. Average Analyses from All Boilers in Service ... . . . . . . . 47
LIST OF TABLES
NO. PAGE
1. Chemical Analyses of Turbine Deposits from Station A . . . . . . 11
2. Chemical Analyses of Turbine Deposits from Station B . . . . . . 12
3. Chemical Analyses of Turbine Deposits from Several Power Plants. . . 13
4. Chemical Analyses of Boiler Waters from Power Plants Encountering
Difficulty from Turbine Deposits . . . . . . . . . . . . 14
5. Theoretical Concentration of Sodium Hydroxide in Steam Before and After
Passing Nozzle . . . . . . . . . . . . . . . . . 25
6. Results of Tests Using Steam Contaminated with Sodium Hydroxide . . 28
7. Results of Tests Using Steam Contaminated with Sulphate, Chloride, and
Phosphate . . . . . . . . . . . . . . . . . . 30
8. Results of Tests Using Steam Contaminated with Sodium Hydroxide,
Sulphate, and Chloride . . . . . . . . . . . . . . 31
9. Results of Tests Using Steam Contaminated with Sodium Hydroxide,
Silicate, and Sulphate . . . . . . . . . . . . . . . 32
10. Results of Tests Using Steam Contaminated with Sodium Hydroxide
and Organic Matter . . . . . . . . . . . . . . . 33
11. Results of Tests Using Steam Contaminated with Boiler Water . . . . 39
12. Results of Tests Using Steam Contaminated with Boiler Water . . . . 40
13. Results of Turbine Blade Deposit Detector Tests . . . . . . . . 46
THE CAUSE AND PREVENTION OF
STEAM TURBINE BLADE DEPOSITS
I. INTRODUCTION
1. Purpose of Investigation.-Steam electrical generating stations
have encountered difficulty in the form of fouling of turbine blades.
This difficulty has become of major importance in many large stations,
whereas it has only meant annoyance in other stations.
There are several types of deposits which form on the turbine
blading and cause this fouling. One type is that which is apparently
caused by a deposition of solids carried in the steam from the boiler
water, and another is that caused by a chemical reaction between
chemicals in the steam and the material in the turbine blades. The
first type is the most common, and is readily distinguished from the
other in that it is largely soluble in water, and is washed off with com-
parative ease, whereas the other type of deposit adheres to the blades
very tenaciously.
The deposition of solids carried in the steam appears to be the
major cause of difficulty. The efforts of this research have been di-
rected entirely toward a study of this type of deposit, and no study
has been made of the other type.
The purpose of the present investigation has been to assemble
data relative to the occurrence of this type of deposit on steam turbine
blades in order to determine the cause of the difficulty and to devise
methods of preventing it.
2. Method of Investigation.-The general method followed in con-
ducting this investigation has involved the assembling of data ob-
tained from central station experience. From these data conclusions
have been reached relative to the possible causes of the difficulty.
Laboratory investigations also have been made to establish the exact
cause of the blade deposit and to devise methods of preventing its
occurrence. Following these experiments tests have been-conductedin
central station power plants using the methods of prevention worked
out from the laboratory experiments. The data collected from central
station experience and tests in central station power plants will be
reported separately from those obtained from the laboratory tests.
Consequently the results will be discussed in two parts, one dealing
with the results of central station experiences, and the other with the
results of laboratory experiments.
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3. Sponsors of Investigation.-The material embodied in this
bulletin is the result of a research project sponsored at the University
of Illinois, during the last two years, by the Utilities Research Com-
mission, Inc., representing the following companies:
Commonwealth Edison Company
Public Service Company of Northern Illinois
The Peoples Gas Light and Coke Company.
The officers of the Commission were as follows:
President-MR. W. L. ABBOTT, Chief Operating Engineer, Com-
monwealth Edison Company
Vice President-MR. J. L. HECHT, Vice President in charge of
Operation, Public Service Company of Northern Illinois
Vice President-MR. R. B. HARPER, Vice President, The Peoples
Gas Light and Coke Company
Treasurer-MR. G. W. WILLIAMSON, Treasurer, Commonwealth
Edison Company
Director-MR. K. W. MILLER.
The work has been known as Case No. 31 of the Utilities Research
Commission, Inc., and has been under the direct charge of a sub-
committee of that organization:
MR. A. D. BAILEY, Assistant Chief Operation Engineer, Common-
wealth Edison Company, Chairman
MR. A. E. GRUNERT, Superintendent of Generating Stations, Com-
monwealth Edison Company
MR. M. J. ARCHBOLD, Superintendent of Station 5, Public Service
Company of Northern Illinois
MR. R. B. HARPER, Vice President, the Peoples Gas Light and Coke
Company
MR. J. M. LEE, Assistant to Vice President, Public Service Com-
pany of Northern Illinois
MR. E. MANDEL, Chemical Engineer, Testing Department, Com-
monwealth Edison Company.
4. Acknowledgments.-The investigation was conducted as part of
the work of the Engineering Experiment Station of the University of
Illinois of which DEAN M. L. ENGER is the Director, and is one of the
researches in Chemical Engineering conducted under the direction of
DR. D. B. KEYES, Professor of Chemical Engineering.
Acknowledgment is made of the generous assistance and co6pera-
tion received from the operators of central stations who furnished data
and conducted tests.
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II. CENTRAL STATION EXPERIENCE
5. Resum6 of Central Station Experience.-The following extract
from a letter serves to illustrate very clearly the difficulty caused by
this kind of turbine blade fouling.
"The operating records show the machines can only be kept in service for
a matter of 3 to 4 weeks before the effective output of the machine drops about
20 per cent. The deposit is easily removed by washing, but of course this
necessitates shutting down and leaving machine cool off, with a subsequent loss
in the overall station efficiency as well as temporary reduction in the plant
availability. The washing process adopted does not involve anything more than
allowing the machine to cool down for 36 hours, and then starting up in the
normal way, the condensation produced being sufficient to clear the fouling."
The National Electric Light Association Serial Report of the Prime
Movers Committee on Turbines, August 1929 (Publication Number
289-98) reported as follows:
"In response to a questionnaire concerning salt deposits in turbine blading,
twelve companies reported troubles encountered in operation because deposits
formed in the high-pressure stages of their turbines. Other companies reported
deposits in the low-pressure stages, but this did not noticeably affect operation.
From the replies received, no method of cleaning blading which would be
universally applicable was evolved. The information presented should be helpful
in suggesting a method of approach when these troubles are encountered. The
details for each problem must be worked out separately after due study of the
installation and analysis of the salts deposited.
The deposit of salts in the high-pressure stages of turbines must be con-
sidered seriously if it affects the capacity of the machine. This may result in in-
creased load on blades or diaphragms, as well as adversely affecting the economy.
Deposits were encountered regardless of the operating pressures. The com-
panies reporting trouble operated at pressures from 200 to 1200 lb. per sq. in.
gage.
At Lakeside Station troubles with the 1200 lb. per sq. in. installation were
partially corrected when the boiler concentrations were reduced to below 500
p.p.m. and the baffling in the drum improved. A slight decrease in turbine
capacity is still noticeable during the first few days' operation, but this does
not appear to be cumulative.
Edgar Station reports a loss of 15 per cent in carrying capacity on the 3150
kw., 1200 lb. per sq. in. unit in 26 months' operation and an increase in the
first-stage pressure of 70 lb. per sq. in. Some of this was possibly due to other
causes, although deposits are reported in all stages and nozzles.
Both of the foregoing stations now use tri-sodium phosphate in the feed
water. During the time most of the trouble was experienced at the Edgar Station,
a boiler compound was used, and considerable corrosion of the buckets accom-
panied the deposits of these salts.
Columbia Station of the Union Gas and Electric Co. showed a drop in
carrying capacity from 44 000 kw., to 37 000 kw. in 45 days' operation. The
throttle and first-stage steam pressures were the same in both cases. The high-
pressure turbine outlet pressure dropped from 105 to 85 lb. per sq. in. gage, in-
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dicating a deposit in the high-pressure stages at temperatures probably in excess
of 500 deg. Fahr.
At Philo Station of the Ohio Power Co. turbines Nos. 1 and 2 will deliver
the rated capacity of 40 000 kw. after the machines are restored to service fol-
lowing an idle week-end. With a few days' operation the capacity decreases to
38 000 kw., which cannot be exceeded until the machine is again taken out of
service for the week-end.
This is similar to reports from other plants, where a minor loss of capacity
follows short periods of operation, which is restored after an outage over the
week-end. It is probable that the cooling down of the machine under these con-
ditions either cracks off the scale or the initial charge of steam to roll the turbine
carries sufficient moisture or is cooled below saturation and removes, at least,
the load-affecting portion of the deposit.
At both Columbia and Philo Stations the reheat boilers are believed to be
one source of these troubles. Water at Columbia was treated with lime, soda
ash, ferrous sulphate, and di-sodium phosphate, with a concentration of ap-
proximately 900 p.p.m. maintained in the drums. Evaporators have recently been
installed, but operating results are not yet available.
Crawford Avenue Station of the Commonwealth Edison Co. reports a loss
of capacity as high as 25 per cent, requiring higher inlet steam pressures to carry
a given load. This station formerly used all Zeolite-treated make-up, but now
uses a mixture of Zeolite-treated and evaporated make-up. The concentrations
are less, but the deposits still occur. Some phosphates are shown in the boiler
water analyses submitted.
At Trinidad Station of the Texas Power and Light Co. the first-stage
pressure of the turbine increased during eight months' operation at 20 000 kw.
load from 231 lb. per sq. in. gage to 289 lb. per sq. in. gage. The former pres-
sure was obtained after the period of annual inspection when the rotor was
thoroughly washed. The first-stage pressure was reduced to 243 lb. per sq. in.
gage by washing with saturated steam. The make-up at this station is evapo-
rated, using Zeolite-treated water. Sodium sulphate is added to the boiler drums
with concentrations carried at 300 to 400 p.p.m. Moisture in steam is very low,
being practically unmeasurable.
Kearney Station of the Public Service Electric and Gas Co. reports that on
one occasion, due to deposits of salt, only 35 000 kw. could be carried on a
40 000-kw. unit.
At Springdale Station of the West Penn Power Co. deposits were found on
the blading, but not in sufficient quantity to affect the output of the unit. Re-
duction in boiler concentrations from 1350 p.p.m. to about 600 p.p.m. has prac-
tically eliminated the deposit.
Kearney and Springdale Stations use tri-sodium phosphate with other
chemicals for water treatment. Concentrations up to 2500 p.p.m. are carried at
Kearney with boiler ratings maintained below 200 per cent. New drum baffling
was also installed.
Rochester Gas and Electric Co., Station No. 3, operates on steam at 205 lb.
per sq. in. gage and 480 deg. Fahr. total temperature. The turbines are washed
whenever a rise in the first-stage pressure becomes evident.
Five stations report methods used in washing the turbines. Rochester Station
No. 3 uses water introduced just ahead of the strainer through a 1/2-in. line
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when the machine is taken out of service. When a speed of 150 to 200 r.p.m.
is reached, the throttle is cracked and the water admitted for approximately
six minutes. During this operation the speed is held below 500 r.p.m. It is stated
that this method is effective and has caused no apparent harm to the turbines.
These are essentially low-pressure, low-temperature units from 7500- to 15 000-
kw. capacity. The water admitted to the turbine cannot cause as great a change
in temperature as would be the case with machines operating at high pressure
and temperature.
Kearney used a similar method, taking care to avoid too rapid change in
steam temperature.
Columbia Station uses saturated steam from a low-pressure bleed point to
another turbine, completely desuperheating the steam used by water jacketing
the bleed steam line. The steam is admitted beyond the throttle valve with the
turbine at rest. Circulation is obtained by blocking the drain traps connected to
the high-pressure cylinder, allowing them to discharge into the main condenser
where a slight vacuum is maintained. This operation is continued until the
turbine is returned to service.
At Crawford Avenue washing is done with saturated steam. Water from
the boiler feed system is injected into the main steam lead just before the
throttle valve at a slow rate until the steam temperature gradually being reduced
reaches the saturation temperature. The temperature is held at saturation for a
short time; the water is then gradually decreased and the temperature allowed
to return to normal.
Trinidad Station uses saturated and wet steam to do the washing. Saturation
is obtained by injecting hot feed water into the steam line through a high-
pressure spray nozzle. The effects of washing were indicated by conductivity
tests of the condensate and operation discontinued when normal readings were
obtained.
The Committee is unable to prove conclusively that any particular system
of boiler-water treatment or the presence of any particular chemicals is re-
sponsible for the trouble encountered. Some salts, of course, have a greater
tendency to induce priming than others. There were installations where the use
of certain chemicals apparently contributed to the trouble, but conflicting cases
would arise where similar water-treating methods were used, but no deposits were
reported. Other factors not revealed by the reports received evidently con-
tributed to this condition.
The troubles appear to increase with the boiler drum concentrations and with
boiler outputs. Soluble sodium salts formed a large percentage of the deposits
analyzed, although in some cases the opposite was true, and the soluble salts
were a relatively small percentage of the total. In some instances appreciable
proportions of sodium hydrate were found in deposits. The chemist for one com-
pany has pointed out that the melting point of sodium hydrate is 604 deg. Fahr.
Therefore, sodium hydrate would be gradually changed to sodium carbonate due
to the action of carbon dioxide, which is undoubtedly present in the steam. The
sodium hydrate in certain temperature zones makes an excellent cementing
medium for attaching other salts to the blades. Even where the proportion of
soluble salts is low it is believed that the washing with saturated steam will
weaken the structures so that the scales will fall off."
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A similar report continues as follows (Treatment of Feed Water-
Prime Movers Committee, National Electric Light Association, April,
1929, Publication No. 289-53):
"The Columbia Power Station has been in operation since November, 1925,
and all makeup water for this station has been Ohio River water treated with
lime and soda ash, with ferrous sulphate as a coagulant, in a cold intermit-
tent water softener. The boilers in this station operate at a drum pressure of
630 lb. gage and a final steam temperature of 725 deg. Fahr.
Six of the boilers are operated at an average rating of 7.7 k. B.t.u. per sq.
ft. per hr., and the feed water treatment has been entirely satisfactory for these
boilers with regard to scale formation.
Two boilers are used to screen the reheat coils, and these boilers operate
at an average rating of 15 k. B.t.u. per sq. ft. per hr. We have encountered some
troubles with scale in these units.
With this method of feed water treatment it has not been possible to main-
tain the ratio of sodium sulphate to sodium carbonate recommended to prevent
caustic embrittlement.
Early in the year 1928 we added di-sodium phosphate continuously to the
condenser hot wells in sufficient quantity to maintain a phosphate concentration
of 50 p.p.m. in the boiler water. The boiler blow down was also regulated so
that the total solids in the boiler water did not exceed 1000 p.p.m.
This phosphate treatment has been very successful in eliminating scale even
in the boilers operating at 15 k. B.t.u. per sq. ft. per hr. average rating. The
nature of the boiler water is such that caustic embrittlement is also inhibited.
A similar system of feed water treatment is used at our West End Station
where the boilers are operated at an average rating of 7.3 k. B.t.u. per sq. ft.
per hr. at drum pressures of 260 lb. gage and a final steam temperature of 600 deg.
Fahr. The results of this treatment have been very satisfactory.
At Columbia Station there has been some difficulty with deposits on the
high-pressure turbine blading which has reduced the capacity of the units about
10 per cent after a months' operation. An analysis of this deposit shows the
following:
Per cent
Sodium Hydroxide................................... 35.33
Sodium Carbonate................................... 29.95
Sodium Chloride..................... ............... 25.03
Sodium Sulphate...................... .............. 3.30
Magnesium Carbonate ................................ 1.28
Calcium Carbonate.................................. 1.64
92.53
It has been found possible to remove this deposit by passing a small amount
of saturated steam through the unit when it is shut down. No deposits have
been found in the superheater tubes."
It was fortunate that there were available data which had been
assembled by the Prime Movers Committee of the National Electric
Light Association, but which had not been published. Through the
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TABLE 2
CHEMICAL ANALYSES OF TURBINE DEPOSITS FROM STATION B
' Steam pressure 1200 lb. per sq. in., gage
llth-12th-13th 16th Stage
Stages Bucket Bucket Ledge Exhaust
Location of Deposit Wheel Wheel ChamberLocation of Deposit
Composition of Deposit, per cent
Sodium Oxide, Na2 O................ 34.55 29.03 5.94
Iron Oxide, FeOa .................... 7.93 8.81 65.01
Silicon Dioxide, Si02................ 51.31 54.65 22.02
Chloride, Cl....................... 1.77 0.15 0.28
Phosphate, P0 4 .................... ... . ... . 0.51
courtesy of Mr. C. C. Baltzly (who assembled these data) this in-
formation was furnished us. These data consisted of the following:
(1) Type of turbine deposits
(2) Chemical composition of turbine deposits
(3) Chemical composition of boiler waters
Data has been collected from twenty-six generating stations having
deposits on turbine blades. Eighteen stations reported the deposit as
being largely soluble in water.
The chemical composition of the turbine deposits from eighteen
stations was reported. Tables 1, 2, and 3 give some of the results of
these analyses. These results indicate that the salts are undoubtedly
deposited from solids in the steam carried over from the boiler water.
The composition of the boiler water in several of the plants studied is
given in Table 4.
A study was made in several of the plants with regard to the com-
position of the steam. At these plants the steam was considered as a
high-quality steam. Thus, at one plant the specific conductance of the
condensed steam was between 1 X 10- 6 and 2 X 10- 6 mhos, and diffi-
culty was being experienced with turbine deposits. At another plant
experiencing trouble the specific conductance of the steam was
10 X 10-' mhos, while at a different plant not experiencing any trouble
the specific conductance of the steam was between 250 X 10-6 and
10 X 10- 6 mhos.
A summary of the conclusions reached after assembling the avail-
able data in regard to turbine blade deposits is as follows:
(1) The deposits were not limited to any one temperature or
pressure.
(2) The deposits were not proportional to the total concentration
of solids in the boiler water.
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i TABLE 4
CHEMICAL ANALYSES OF BOILER WATERS FROM POWER PLANTS ENCOUNTERING
DIFFICULTY FROM TURBINE DEPOSITS
A A A E F G
Plant
Results of Analyses in parts per million
Silicon Dioxide, SiO. .............. . ... ... 5
Sodium Sulphate, Na2S04 ......... 34 285 1440 76 57 25
Sodium Carbonate, Na 2CO3........ 10 17 170 38 85 15Sodium Hydroxide, NaOH ........ 24 165 430 45 76 44
Sodium Chloride, NaCl ........... 12 99 440 25 24
Sodium Phosphate, NaaPO4........ 35 150 ... T 78 80
Total Solids ..................... 140 815 3260 211 328 170
Total Alkalinity as NazCO3 ........ 42 237 740 98 188 74
Ratio Tota linity............ 0.8 1.2 1.9 0.8 0.3 0.3
Total Alkalinity .........
NasSO4
Ratio NaOH................... 1.4 1.7 3.3 1.7 0.7 0.6
(3) The total solids in the steam were very low in many plants
where deposits occurred.
(4) The deposits all contained sodium present as hydroxide,
carbonate or silicate.
(5) The deposits were practically all soluble in water.
III. LABORATORY EXPERIMENTS
6. Possible Cause of Deposits.-The deposits which have formed
in the plants under consideration are traceable to the boiler water.
A small amount of the boiler water may be mechanically carried into
the steam. Actually this amount does not have to be more than one
tenth of one per cent as moisture in the steam to cause appreciable
trouble at the turbine. Thus, if a boiler water should contain about
300 p.p.m. total solids, which is a rather low concentration, and one
tenth of one per cent of the steam was present as boiler water, the
steam would contain 0.3 p.p.m. of total solids. This appears to be a
negligible amount; however, with a turbine using one million pounds
of steam per hour, eight pounds of solids would pass through the
turbine in twenty-four hours. If only ten per cent of this were to ad-
here to the turbine blades the loss of efficiency and capacity would
increase at an alarming rate. Thus, if there is present in the boiler
water any material which would cause adherence to the turbine blade,
steam of what appears to be good quality might cause appreciable
difficulty.
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In order to determine whether there is present in the average boiler
water any material which would cause adherence or sticking to the
turbine blade it is advisable to study the behavior of the various salts
encountered in boiler waters as they pass from solution in wet steam
to superheated steam. Thus if only pure water is present in the boiler
and a small amount of the boiler water is mechanically carried into
the steam and to the superheater, the droplets of water will vaporize
in the superheater and no free moisture will be present in the super-
heated steam. However, if sodium chloride, sodium carbonate, or
sodium sulphate is present in the boiler the droplet of water entering
the superheater with the steam will contain a dilute solution of the
salt or salts. As the steam becomes superheated the water will
vaporize and leave a dry salt or powder of the salt or salts present
with the superheated steam. These salts all have fusion points well
above the temperature encountered in present-day superheated steam,
consequently they will pass through the steam pipes and turbine as a
fine powder or dust and cause no appreciable difficulty. This is based
on the assumption that there is only a small percentage of moisture
in the steam.
However, if sodium hydroxide is present the foregoing will not
happen, due to the fact that sodium hydroxide solutions behave en-
tirely differently from those of the other salts discussed. When a
solution of sodium chloride, carbonate, or sulphate is boiled the solu-
tion is concentrated as the steam is released and the solution concen-
trates until a saturated solution is obtained. Any further release of
steam results in the precipitation of the salt. Eventually, if the boiling
is continued, all the water is evaporated, and dry salt or salts is or
are left behind. If a solution of sodium hydroxide is boiled, the solu-
tion is concentrated with a continual increase in temperature until a
stage is reached where the concentrated solution is in equilibrium with
the vapor pressure of the surrounding atmosphere, and further heating
would cause a release of steam to the surrounding atmosphere with an
increase in the concentration of the caustic solution and an increase
in the temperature of the solution. This is shown graphically in Fig. 1,
and may be illustrated as follows: If a drop of water containing
sodium hydroxide in solution leaves a boiler at 600 lb. per sq. in.
(absolute) pressure and enters the superheater with the steam, the
water will vaporize, thus concentrating the solution. When the tem-
perature of the steam reaches 600 deg. F. the concentration of the
caustic will be about that of a 60-per cent solution, as shown in Fig. 1
at A. If the temperature and pressure remain constant the droplet of
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Presszr'e i2 /I. per sq. i., 7b1s.
FIG. 1. CONCENTRATION OF SODIUM HYDROXIDE IN RELATION TO
TEMPERATURE AND STEAM PRESSURE
caustic will remain 60 per cent sodium hydroxide and 40 per cent
moisture even in contact with superheated steam. As the temperature
increases with the pressure remaining constant the caustic concen-
tration will increase. At 600 lbs. pressure and 700 deg. F. the con-
centration will be as shown at point B, or that of an 80-per cent
solution.
The concentration of caustic in equilibrium with superheated steam
at various pressures and temperatures is shown in Fig. 1, from which
it is seen that the concentration of sodium hydroxide reached in the
average higher-pressure plant is between 80 and 90 per cent. A solu-
tion of sodium hydroxide containing between 10 and 20 per cent
moisture at these temperatures will be in a pasty or semifluid state,
and in going through the turbine will adhere to the blades. The other
salts, being present as a fine dust, will adhere along with the sodium
hydroxide, but not necessarily in the relative proportions in which
they exist in the boiler water. When the temperature of the steam in
the turbine is lowered until saturated steam exists these salts will be
dissolved and thus will be washed off the blades. The experience which
turbine operators have had with the washing of turbines confirms this.
In order to substantiate or disprove this theory tests were run in
the laboratory. The procedure followed in these tests was to produce
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FIG. 2. APPARATUS USED FOR INITIAL LABORATORY TESTS
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FIG. 3. BLADE HOLDER USED IN INITIAL LABORATORY TESTS
steam from a small boiler, contaminate the steam with a solution of a
particular salt or combination of salts, superheat the contaminated
steam, pass it through an orifice so as to impinge on a stationary blade,
and then condense it at a predetermined pressure. Figures 2 and 3
show the apparatus used for the tests. Condensate from the steam
heating system was passed through a small de-aerating heater and
then pumped to an electrically-heated boiler to generate steam; this
steam was then passed under pressure into the contaminator. The
contaminator contained a dilute solution of the contaminating salt
or salts, and was so built that the steam entered at the bottom, bubbled
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up through the solution, and was taken off at the top. The contami-
nator was heated by means of a hot plate to compensate for radiation
loss and thus maintain a constant level of solution. The steam leaving
the contaminator was passed through an electrically-heated super-
heater, then through an orifice so as to impinge on the removable blade,
and then through a copper coil condenser to the condensate storage.
The steam pressure and the superheated steam temperature were main-
tained constant by means of potentiometer temperature regulators.
The temperature of the blade on the side opposite the point of steam
impingment was recorded on a recording potentiometer temperature
recorder. When a vacuum was maintained in the condenser this was
accomplished by evacuating the condensate storage to the desired
pressure. The pressure in the container holding the blade was de-
termined by means of a pressure gage.
If the temperature and pressure existing in the generating stations
was in the range of 600 lbs. and 700 deg. F. a concentration of about
80 per cent sodium hydroxide would result. In order to simplify the
construction of the test apparatus the tests were run at 45 lb. per sq.
in., absolute, and 400 to 700 deg. F. with a pressure of 0.8 lb. in the
blade chamber. Reference to Fig. 1 will show that under these con-
ditions the sodium hydroxide would reach a concentration of between
85 and 90 per cent. This concentration would be in the range of that
reached in turbines. The orifice was %(; inch in diameter, and the
blade was set at an angle of 30 deg. to the line of steam flow leaving
the orifice.
The first tests were run for 22 hours with 2 grams sodium hy-
droxide added to the contaminator, the temperature of the super-
heated steam being varied between 400 and 700 deg. F. Deposits
formed on the blades, as shown in Fig. 4. These views show clearly
that the sodium hydroxide has been in a fluid sticky state and has
adhered to the blades. The theoretical concentration of the sodium
hydroxide in the steam at the time of contact with the blade during
these tests varied from about 85 per cent at 400 deg. to about 98 per
cent at 700 deg. Tests run with distilled water alone in the contami-
nator gave clean blades. When sodium chloride was added to the con-
taminator and tests were run at 500 deg. F. no deposit formed on the
blade in the area of high velocity. Similar tests with sodium sulphate
gave like results. Tri-sodium phosphate and sodium silicate, both
formed deposits on the blade. Figure 5 shows the blade after treatment
of the steam with various solutions.
The sodium hydroxide, silicate, and phosphate deposits were
STEAM TURBINE BLADE DEPOSITS
FIG. 4. PHOTOGRAPHIC VIEWS OF BLADES AFTER TESTS MADE USING
STEAM WITH SODIUM HYDROXIDE PRESENT
Temperature of superheated steam (a) 400 deg. F., (b) 450 deg. F.,
(c) 500 deg. F., (d) 700 deg. F.
formed due to the fact that hydroxide was present in all these salts.
If this is a fact, any chemical added to the contaminated steam which
will neutralize the hydroxide should prevent the hydroxide from form-
ing. In order to prove this contention the apparatus was modified so
that carbon dioxide could be slowly added to the steam after the con-
taminator and ahead of the superheater. Carbon dioxide, if present in
excess, will react with the sodium hydroxide to form sodium carbonate.
This salt will form a dry powder in the steam and no deposit should
ii!ii
(a)
(b)
(c)
(d)
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(b)
(c)
FIG. 5. PHOTOGRAPHIC VIEWS OF BLADES AFTER TESTS MADE USING
STEAM WITH VARIOUS SALTS PRESENT
Salts present in steam: (a) sodium sulphate, (b) tri-sodium phosphate,
(c) sodium chloride, (d) sodium silicate.
occur. When carbon dioxide was added after contamination with
sodium hydroxide, sodium silicate, and sodium phosphate, no deposits
were formed. This showed conclusively that the sodium hydroxide
is the binding or adhering agent, and if it is changed to carbonate
prior to reaching the blade no deposit will be formed. Figure 6 shows
the blade after exposure to steam contaminated with sodium, sodium
hydroxide and sodium silicate and also after exposure to steam con-
taminated in the same way but afterwards treated with carbon dioxide.
(c)
I
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(a) (b)
FIG. 6. PHOTOGRAPHIC VIEWS OF BLADES AFTER TESTS SHOWING EFFECT
OF PRESENCE OF CARBON DIOXIDE IN THE STEAM
(a) Sodium silicate and sodium hydroxide present.
(b) Sodium silicate and sodium hydroxide present, plus carbon dioxide.
This appeared to offer a possible method of prevention of blade
deposits in actual operation since a small amount of carbon dioxide
could be added to the steam and the excess removed at the condenser.
However, this would require controlled introduction of carbon dioxide
at each boiler, unless it were possible to add it to the superheated
steam at some point ahead of the turbine. This latter procedure would
be very simple since the carbon dioxide could be added to the steam
just before admission to the turbine and removed in the condenser.
In order to study the possibility of this method of prevention the ap-
paratus was modified so that the carbon dioxide could be added to the
superheated steam instead of to the wet steam. When tests were
run using this method of treatment the deposits continued to form
even when large excesses of carbon dioxide were present.
This change in the action of the carbon dioxide is easily explained.
When the gas is added to the wet steam the sodium hydroxide is in a
dilute solution in the droplets of water. In this state the carbon
dioxide also is soluble in the water, depending upon its partial pres-
sure in the steam. The two chemicals being in dilute solutions are
strongly ionized and will react readily, so that the sodium carbonate
is formed before the steam is superheated. However, when the steam
is superheated before the carbon dioxide is added the excess water
present is converted to steam, and the sodium hydroxide is present
in the form of a highly concentrated solution (over 80 per cent
NaOH). In such a solution the hydroxide is only slightly ionized, and
the carbon dioxide is present in the steam as a dry gas, consequently
there is practically no reaction between the gas and the sodium hy-
droxide. This apparently would make the carbon dioxide method of
treatment rather complicated.
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FIG. 7. APPARATUS FOR LABORATORY TESTS AS MODIFIED
AFTER INITIAL TESTS
7. Concentration of Sodium Hydroxide Necessary for Deposit to
Be Formed.-After this substantiation of the theory that sodium hy-
droxide is the basic adhering material in the turbine blade deposits it
was deemed desirable to obtain further data as to the limiting con-
centration of sodium hydroxide in the steam which would cause blade
deposits and also as to other methods of prevention of this troublesome
condition. In the apparatus already described the carry over or con-
tamination of the steam was excessive in the early period of the test.
This was shown by the fact that with a constant water level in the con-
taminator the concentration of the contaminating salts steadily de-
creased. At the same time it was almost impossible to know the
amount of contamination in the steam at any particular time. In order
to overcome these objections the apparatus was redesigned as shown in
Fig. 7. The holder for the blades is shown in Fig. 8. The blades were
made from watch springs (% in. X 0.20 in.) and were removed at the
end of each test. The steam nozzle was made by slotting the end of the
tube, and this brought a sheet of steam in contact with a curved blade
in a manner similar to that in which steam strikes the blade of a
turbine. The contamination was brought about by pumping the solu-
tion containing the desired concentration of chemicals into a small
reservoir, where it was held at a definite pressure by means of a ball-
seat pressure regulator. The excess liquid leaving the regulator was
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FIG. 8. DETAILS OF BLADE HOLDER USED IN
SECOND SERIES OF TESTS
returned to the pump suction. The reservoir was connected through a
small capillary orifice to the steam line ahead of the superheater. The
steam pressure was maintained constant by means of a steam pressure
regulator connected through relays to electrical heat controls on the
boiler. With a constant pressure drop across the orifice the amount
of contaminating liquid entering the steam through the orifice was
constant, and depended upon the pressure drop across the orifice, which
was under definite control. About 0.55 _- 0.02 lb. per hour of con-
taminating liquid was fed into the steam. The total amount of steam,
steam from the boiler plus steam from the contaminator liquid
vaporized in the superheater, passing through the nozzle was about
10 pounds per hour.
The water fed to the boiler was condensed steam from the steam
heating system which had passed through an electrically-heated de-
aerating heater prior to being pumped to the boiler. The boiler pres-
sure was maintained at 40 lb. per sq. in. gage. Various pressures were
used in the chamber holding the blade.
Tests were run using the new apparatus and holding the vacuum
in the blade chamber at 20 inches of mercury. With the sodium hy-
droxide in the steam (calculated) at 48, 18, 5, 2, and 1.5 parts per
million deposits formed in twenty hour tests. Tests run with distilled
water added to the steam gave no deposit.
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When the steam was passed through the nozzle there was a marked
change in velocity. The calculated velocity in the steam line ahead of
the nozzle was 21.5 feet per second. The velocity through the nozzle
was 1175 feet per second, and the velocity past the blade 950 feet per
second. Thus the velocity at the point of contact with the blade was
approximately 1000 feet per second.
The maintenance of a vacuum in the blade holder complicated the
operation of the tests, consequently tests were run in which the pres-
sure in the blade holder was atmospheric. With this change in condi-
tions the velocity of the steam in the holder dropped from 950 feet
per second at the nozzle to 320 feet per second. Undoubtedly the
velocity at the point of impact with the blade was still in the range of
1000 feet per second. Tests run under these conditions with 4, 5, 4.0,
3.2 and 2 parts per million of sodium hydroxide added to the steam
gave deposits in the twenty hour tests. This showed that a deposit
would be formed with a sodium hydroxide content of 2 p.p.m. in 20
hours. The rest of the tests were run at this pressure unless otherwise
noted. Sodium sulphate alone was added so as to have 10 p.p.m. in
the steam and no deposit was formed. A mixture of sodium hydroxide
and sulphate was then added such that there were 4.2 p.p.m. NaOH
and 8.6 p.p.m. Na 2SO, in the steam and a small deposit was formed,
but not as much as that formed by the sodium hydroxide in the
absence of the sodium sulphate. The sodium hydroxide was then in-
creased to 5.8 and the sulphate to 25 p.p.m. and no deposit was formed.
This test was followed by one with a sodium hydroxide concentration
of 2.9 p.p.m. and no sulphate; a definite deposit was formed. These
results apparently indicated that the sulphate was preventing the hy-
droxide from adhering to the blade.
Tests were then run with the sodium hydroxide concentration held
constant at 3 p.p.m. and the temperature held at 350, 400, and 600 deg.
F., respectively. A deposit was formed in all these tests, indicating
that changing the temperature did not have much effect upon the tend-
ency of the sodium hydroxide to adhere to the blade. The theoretical
concentrations of the sodium hydroxide in the steam leaving the nozzle
and in the blade holder are given in Table 5 for these temperatures.
This shows that the caustic soda is adhering over a range of concen-
trations of approximately 50 to 93 per cent, and possibly over a greater
range, and also that temperature does not materially affect the tend-
ency to form a deposit if the steam is superheated.
The procedure followed in running these tests involved putting the
blade holder in place after the steam was superheated and removing
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TABLE .5
THEORETICAL CONCENTRATION OF SODIUM HYDROXIDE IN STEAM BEFORE AND
AFTER PASSING NOZZLE
Per cent of NaOH in Solution
Steam Pressure Steam Pressure in Blade
lb. per sq. in., Temperature Holder
gage deg. F. Before Passing In Blade
Nozzle Holder
40 350 Atmospheric 45 63
40 400 Atmospheric 62 75
40 500 Atmospheric 79 87
40 600 Atmospheric 90 93
it while the steam was still superheated. Modification of this proced-
ure so as to put the blade holder in place before the steam was super-
heated, but while the caustic solution was being pumped into the
steam, gave a condensate having a distinct caustic alkalinity which
corresponded with the theoretical contamination. However, when the
steam was superheated the condensate was practically free from so-
dium hydroxide. This showed clearly that the sodium hydroxide was
being removed prior to the condensation of the steam. The deposit
on the blade showed that the last bit of sodium hydroxide was being
removed there. It was not probable that all of the sodium hydroxide
was being removed at the blade, since a large amount was undoubtedly
being removed in the superheater and piping ahead of the nozzle. At
the end of each test run wet steam was allowed to flow through the
superheater and pipe after the blade holder had been removed. This
steam was afterwards found to contain appreciable amounts of sodium
hydroxide, proving that this substance was being deposited in the
superheater. In order to determine the real amount of sodium hydrox-
ide in the steam at the nozzle and to see how completely it was being
removed at the turbine the apparatus was redesigned so that the
conductance and pH value of samples of the contaminated steam and
the condensed steam before and after passing the blade holder could
be determined. The modifications made to accomplish this are shown
in Figs. 9 and 10. The boiler, superheater, blade holder, and condenser
were the same as previously used. A steam sampler was installed just
ahead of the nozzle. The %-in. steam pipe was expanded into a
1¼-in. pipe in which two %-in. tubes had been inserted. These were
drilled with small holes. The %-in. tubes passed through condensers
to a valve on the cool side of the condenser. In this manner a small
amount of the contaminated superheated steam was removed con-
tinuously from the steam flow, condensed under pressure, cooled, and
ILLINOIS ENGINEERING EXPERIMENT STATION
passed, without exposure to the air, to a conductivity cell and a glass
electrode. Thus the conductance and the pH value of the condensed
contaminated steam was determined. The condensed steam leaving
the condenser after the steam had passed over the blade was also
passed to a conductivity cell and a glass electrode. A comparison could
thus be made of the values obtained from the condensed steams.
The results of the tests run using the new apparatus showed that
the steam being generated at the boiler was not of the highest purity.
Thus, when no contamination was added, the specific conductance of
the two steam samples taken ahead of the nozzle was 5.2 X 10-6 and
5.0 X 10- 6 mhos, and that after passing the blade holder 5.0 X 10- 6
mhos. The latter sample had a pH value of 8.4. These showed repre-
sentative sampling, but indicated that the steam carried an indefinite
amount of contamination, which might affect the deposits.
Tests run to determine the source of this contamination of the
steam showed that it originated in the feed water. When the boiler
was run with the feed pump stopped, the specific conductance of the
condensed steam from the boiler decreased to 1.0 X 10-6 mhos, but
as soon as the feed pump was started this increased to 5.0 X 10-6
mhos again. This indicated that there was a volatile product in the
feed water which contaminated the steam, and that the contamination
was not the result of mechanical carry over from the boiler water.
The radiator condensate being fed to the boiler was found to have
a specific conductance of about 12.5 X 10- 6 mhos and a pH value of
8.5. The carbon dioxide content was less than 0.5 p.p.m., but the
ammonia content was found to be around 10 p.p.m. This accounted for
the low resistance, and.high pH value. The ammonia was being re-
leased from the boiler water and was contaminating the steam. It is
rather doubtful that the ammonia would interfere with the formation
of the blade deposits, but it would interfere with conductance and pH
measurements. In order to remove the ammonia and obtain a better
feed water for the boiler the steam from the steam heating system was
condensed in a copper coil condenser, and removed from the condenser
flashing steam freely. A dilute solution of sulphuric acid and sodium
dichromate was added to the condensed steam and fed to a hard-
water-type gas-fired Barnstead still. The still was changed so that an
overflow from the still proper maintained a constant level and allowed
the excess of feed water to flow to waste. At the same time air pre-
viously bubbled through a sulphuric acid solution and then through
a sodium hydroxide solution to remove ammonia and carbon dioxide
was bubbled through the boiling solution and passed through the con-
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FIG. 9. APPARATUS USED FOR SAMPLING STEAM BEFORE
ADMISSION TO BLADE HOLDER
FIG. 10. CONDUCTIVITY CELLS AND GLASS ELECTRODES
AS ARRANGED FOR TESTS
denser. A pH value of around 3.5 was maintained in the water in the
still. This low pH value held the ammonia as the sulphate, and gave a
distilled water free from ammonia and carbon dioxide. The distilled
water had a specific conductance of between 0.50 X 10-6 and
0.33 X 10-6 mhos.
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TABLE 6
RESULTS OF TESTS USING STEAM CONTAMINATED WITH SODIUM HYDROXIDE
Steam pressure, 40 lb. per sq. in., gage; steam temperature, 500 deg. F.
Pressure in blade holder, atmospheric
Specific conductance of boiler feed water, 0.33 to 0.50 X 10 - 6 mhos
Specific Conductance of Condensed
Sodium Steam Samples
Hydroxide X 10- 6 mhos Increase in CO2 After
Test in Steam Weight of Passing
No. Ahead of Blade Blade
Superheater After mg. p.p.m.
p.p.m. Before Passing Passing
Blade Blade
162 0.55 1.49 1.42 1.31 2.7 0.5
163 0.92 1.32 1.29 1.14 2.9 0.5
164 1.77 1.71 1.95 1.22 5.4 0.6
139 1.67 1.69 1.89 0.87 5.2
140 1.74 2.16 2.14 0.93 8.0
182 1.81 1.67 1.87 1.36 8.5 1.3
The distilled water was then passed through the electrically-heated
boiling de-aerating heater to remove dissolved gases such as oxygen,
nitrogen, etc., and pumped to the boiler. With this type of boiler feed
water the specific conductance of the condensed steam from the boiler
was continually better than 1 X 10- 6 mhos.
When the feed water of this better type was used the test procedure
was modified so that the larger blade was weighed before and after the
tests. The time of the tests was reduced from 20 hours to 5% hours.
Tests for carbon dioxide were also run on the condensed steam after
passing the blade in some tests. The carbon dioxide was determined
by boiling about 300 cc. of the solution, passing carbon-dioxide-free
air through the solution, then through a condenser, and bubbling
through a standard barium hydroxide solution. The barium hydroxide
solution was titrated with a standard HCI solution to the phenol-
phthalein end point. The reduction in alkalinity of the barium hydrox-
ide solution gave a measure of the carbon dioxide present.
The results of tests run under these new conditions are given in
Table 6. Figure 11 also shows views of the blades taken after the
tests. The blades have been flattened out. These results are very in-
teresting in that they show that when sodium hydroxide is added to the
steam in amounts as low as 0.55 p.p.m. appreciable deposits (2.7 milli-
grams in 5% hrs.) were formed. This concentration in the steam is a
maximum value.
In order to determine approximately the concentration of the
contaminating salt or salts just before the nozzle, solutions were made
by adding a sample of the contaminating liquid being pumped to the
steam to distilled water in the same proportion as it was being added
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FIG. 11. PHOTOGRAPHIC VIEWS OF BLADES AFTER TESTS
Chemicals added to steam in p.p.m. Increase in weight
of blade
Test No. NaOH Na2SO4  SiO 2  mg.
138 1.54 11.3 .... 0.0
139 1.67 .... .... 5.2
140 1.74 .... .... 8.0149 1.4 .... 0.87 6.1
151 5.0 . .. 3.1 7.7
152 4.4 17.5 2.5 0.5
to the steam. The conductivity of this solution was determined. This
solution was then diluted with a definite amount of distilled water
and the conductivity determined. The results of these conductivity
measurements gave data from which the concentration of the salt in
the steam could be roughly calculated. Thus, when the solution of
sodium hydroxide used to give a contamination of 0.55 p.p.m. ahead
of the superheater was tested it was found that a specific conductance
of 1.59 X 10-6 mhos resulted. Condensed samples of the steam taken
ahead of the nozzle had a specific conductance of 1.66 X 10-6 mhos
which would indicate that the sodium hydroxide value in the steam
Test
No. 138
Test
No. 139
Test
No. 140
Test
No. 149
Test
No. 151
Test
No. 152
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TABLE 7
RESULTS OF TESTS USING STEAM CONTAMINATED WITH SULPHATE, CHLORIDE,
AND PHOSPHATE
Steam pressure, 40 lb. per sq. in., gage; steam temperature, 500 deg. F.
Pressure in blade holder, atmospheric
Specific conductance of boiler feed water, 0.33 to 0.50 X 10 - 6 mhos
Specific Conductance of Condensed
Chemical Steam Samples
Contamina- X 10-6 mhos Increase in CO2 After
Test tion in Steam Weight of Passing
No. Ahead of Blade Blade
Superhea AftAfter mg. p.p.m.
p.p.m. Before Passing Passing
Blade Blade
137B None 1.00 0.91 0.83 0.0
156 5.9 Na2SO 4  3.65 3.57 2.38 0.2 0.9
158 5.5 NaCI 2.16 2.22 1.42 1.5 0.4
160 1.3 NaHsPO4  1.68 1.38 1.33 0.0 0.4159 5.4 Na3PO 4  6.90 5.92 3.38 1.1 1.0
remained about 0.5 p.p.m. However, when the concentration was
raised so that it was 0.9 p.p.m. the specific conductance was
2.85 X 10- 6 mhos, whereas the superheated steam gave 1.30 X 10- 6
mhos, corresponding to approximately 0.4 p.p.m. Likewise a sample
of 1.77 p.p.m. NaOH had a specific conductance of 7.15 X 10- 6 mhos,
and the superheated steam gave 1.66 X 10- 6 mhos, corresponding to
0.5 p.p.m. NaOH. These values might be high, since a contamination of
the steam with materials other than sodium hydroxide would increase
the specific conductance. However, they do show that there is a reduc-
tion of the concentration ahead of the nozzle, and that concentrations
of less than 0.5 p.p.m. of sodium hydroxide in the superheated steam
caused appreciable deposits.
The results in Table 7 also show that sodium sulphate and di-
sodium phosphate did not cause deposits to be formed whereas tri-
sodium phosphate and sodium chloride caused a small deposit.
8. Prevention of Deposit.-Table 8 shows the results of tests run
with varying amounts of sodium sulphate with the sodium hydroxide
content constant. When the ratio of the sodium sulphate to the sodium
hydroxide was 4.4 and greater the deposit was not formed. This sub-
stantiated the previous results, and indicated that the presence of a
sufficient amount of sodium sulphate along with the sodium hydroxide
prevents the formation of a deposit on the blade.
The addition of sodium chloride along with the sodium sulphate so
that the ratio of sodium sulphate to sodium hydroxide was 3.3 and of
sodium chloride to sodium hydroxide 2.5, or so that the ratio of the
sum of the sodium sulphate and the sodium chloride to the sodium
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hydroxide was 5.8, did not entirely prevent the deposit; however, the
deposit was less than it would have been with the sulphate alone
present with the hydroxide. This indicated that sodium chloride when
present with the sodium sulphate aids in the prevention of the deposit.
Table 9 gives the results of tests run to show the effect of silicate
along with the hydroxide and the influence of the sulphate in prevent-
ing a deposit of both silicate and hydroxide. The presence of the sili-
cate along with the hydroxide tended to increase the deposit forming.
When the sodium sulphate was present in an amount equal to 4 times
that of the sodium hydroxide only a small deposit formed. This indi-
cated that the sulphate was also effective in the presence of the silicate.
Table 10 gives the results of tests run with various organic
materials present. Chestnut extract, pyrogallol, sodium benzoate,
and sodium gallate appear to be effective in preventing the blade
deposits normally produced by sodium hydroxide. The fact that
the chestnut extract is of the tannin type and is effective would
lead one to believe that pyrogallol might also be effective. Pyrogallol
/OH
L OH is a tri-hydroxy benzene compound. Glycerol is also a tri-
\OH OH OH OH
hydroxy compound but not a benzene derivative CH2i-CH-I CH2,
It was ineffective in preventing deposits. Benzoic acid, a benzene
derivative <: -CO 2H, was found to be effective when present in
amounts almost equal to 5 times that of the sodium hydroxide. This
is equivalent to 1.4 moles of sodium benzoate to 1 mole of sodium
hydroxide. The pyrogallol was effective when present in amounts
2.2 times that of the sodium hydroxide, or a mole ratio of 0.7. This
indicated that the tri-hydroxy benzene derivative as the non-acid
benzene derivative was also effective, consequently a derivative con-
taining both the hydroxy and the acid radical might be better. Gallic
/OH
acid CO2H< )>-OH is just such a compound. Tests run using
\OH
gallic acid showed that when it was present in amounts 1.86 times that
of the hydroxide, or a mole ratio of 0.4, the deposits were prevented.
The action of the organic matter is apparently different from that
of the sodium sulphate in preventing the deposits. There is apparently
a chemical reaction between the organic matter and the sodium hy-
droxide in the superheater which changes the hydroxide to carbonate.
This reaction does not take place until the sodium hydroxide reaches
a high concentration. Thus in dilute solutions at boiler temperature
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the sodium hydroxide remains as such in the presence of these organic
materials. However, as the sodium hydroxide mixed with the organic
matter concentrates in the superheater the concentrated sodium hy-
droxide reacts with the organic matter to form sodium carbonate.
Since this reaction takes place in the superheated steam the sodium
carbonate is converted to a dry powder as it forms. If the carbonate
formed in the wet steam or boiler water the sodium carbonate being
in dilute solution would tend to hydrolize and form sodium hydroxide
in equilibrium with carbon dioxide in the steam, as shown in the fol-
lowing equation:
Na 2COs + H20 ± 2NaOH + CO2
The carbon dioxide content of the steam would have to be high to
retain the sodium carbonate as such at the higher temperatures and
pressures. This in turn would bring about a high concentration of
carbon dioxide in the steam and resulting condensate. Tests run by
Straub and Larson* showed that at 500 lb. per sq. in. steam pressure
the carbon dioxide would have to be greater than 500 p.p.m. to convert
50 per cent of the hydroxide to carbonate and over 800 p.p.m. to con-
vert 65 per cent of the hydroxide. If, as previously suggested, the
reaction did not take place until the steam was superheated and the
sodium carbonate would separate as a dry powder as soon as it was
formed, there would be no equilibrium between the carbonate and the
carbon dioxide in the steam, consequently the carbon dioxide content
of the steam would not be increased. The results of tests run for
carbon dioxide in the resulting steam are reported in Table 10 and
show that the carbon dioxide content was not materially increased.
The pH value of the condensed steam (Tables 8 and 10) was
found to be consistently low-ranging between 5.7 and 6.3. At first
this was thought to be due to the effect of carbon dioxide, but tests
showed this was not the case. The steam after passing the blade was
condensed in a copper condenser. When the steam was sampled ahead
of the blade it was condensed in a steel condenser. The pH value of
the steam condensed in the steel condenser was between 6.5 and 8.5.
Tests were then run sampling the steam ahead of the blade using one
copper condenser and one steel condenser. The results obtained showed
that the steam condensed in the copper tube was consistently low in
pH value. The higher pH value of the steam condensed in the steel
tube might be attributed to the solution of iron as ferrous hydroxide
with an increase in pH value. However, subsequent tests showed that
*"The Cause and Prevention of Calcium Sulphate Scale in Steam Boilers," Univ. of Ill.
Eng. Exp. Sta. Bul. 261, p. 31, 1933.
ILLINOIS ENGINEERING EXPERIMENT STATION
E/ecfrc&a//
Heaeted
FIG. 12. APPARATUS USED FOR HIGHER-PRESSURE TESTS AND
CONTAMINATION OF STEAM FROM BOILER WATER
high quality steam of 0.62 X 10-6 mhos specific conductance, when
condensed in a steel tube gave a pH value of 7.0 in the steel tube, and
6.0 in the copper tube. This appeared to indicate that the pH values
obtained in the steel tube condensers were truer values than those ob-
tained in the copper tube. All tests after No. 212 were run with steel
tube condensers.
9. Effect of Contaminating Steam with Boiler Water.-In the tests
previously run the contamination was accomplished by adding the
desired chemicals to the steam. These tests showed that if these
chemicals were present in the steam the deposits could be formed or
prevented. However, it was deemed advisable to determine the actual
ratios of the inhibiting chemicals necessary in the boiler water to
prevent deposits. In such tests the contamination of the steam would
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FIG. 13. PHOTOGRAPHIC VIEW OF APPARATUS USED FOR HIGHER-PRESSURE TESTS
AND CONTAMINATION OF STEAM FROM BOILER WATER
result entirely from carry over from the boiler water, and the results
would be more readily applied to actual operation. The apparatus
used for these tests is shown in Figs. 12 and 13. The superheater
and the equipment beyond the boiler involved the same type of equip-
ment as used before-except that high pressure fittings were used and
that stainless steel pipe (18-8) was used for the superheater and sub-
sequent piping. The boiler required the use of seven 1.1 kw. electric
heating cartridges. These were inserted from the bottom into tubes
welded into the bottom of the boiler. The water level and the be-
havior of the solution during boiling were observed by means of sight
glasses placed on opposite sides of the boiler. The heat input was
controlled by means of potentiometer temperature regulators so as to
maintain constant temperature and pressure in the boiler. The boiler
feed water was the same as previously described. The chemical con-
tamination of the boiler water was accomplished by pumping the de-
sired amount of chemical into the boiler at the beginning of the tests.
Samples of the boiler water were taken for analyses at the beginning
and end of each test. Condensed steam samples were taken ahead of
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the superheater, ahead of the nozzle, and after passing the blade
holder, and the specific conductance and pH value determined. These
tests were also run for 512 hours. The tests were divided into two
types, low-pressure and high-pressure tests.
(a) Low-Pressure Tests
The low-pressure tests were conducted with a boiler pressure of 40
lb. per sq. in., gage, superheat temperature 500 deg. F., and atmos-
pheric pressure in the blade chamber. The results of these tests are
given in Table 11.
When the boiler water contained around 150 p.p.m. of sodium hy-
droxide and the steam take-off line was about four inches above the
water level, steam having a specific conductance between 1.0 X 10-6
and 0.5 X 10- 6 mhos was generated. This steam caused deposits to
be formed on the blade. When sodium sulphate was present in the
boiler water in amounts 4 and 4.6 times that of the sodium hydroxide
the deposits were practically stopped. When phosphate and hydroxide
were both present in the boiler water a deposit was formed on the
blade. However, when sodium sulphate was added in an amount 5
times that of the sodium hydroxide the deposit was stopped. The
presence of silicate along with the sodium hydroxide caused a deposit
to be formed and the addition of sodium sulphate stopped the dep-
osition. Tests run with gallate, chestnut, cutch, and pyrogallol pres-
ent along with the sodium hydroxide also stopped the deposition.
The pH values of the condensed steam taken ahead of and after
passing the blade holder gave very valuable data. In all the tests
where inorganic salts alone were present in the boiler water the pH
values were above 7.0, and in the vicinity of 8.0, thus showing that
hydroxide was present in the steam. When the organic matter was
present in the boiler water the pH value was very close to 7.0, thus
showing that the hydroxide had been changed in the superheater. The
organic matter apparently changed the hydroxide in the manner pre-
viously described but did not produce an acid steam.
The results of these tests run at low pressure with the steam
contaminated by the boiler water agree very well with the results ob-
tained when the contamination was added to the steam, and show that
the boiler water may be treated so as to prevent blade deposits.
(b) Higher-Pressure Tests
In order to definitely correlate the results of the laboratory tests
with plant operation it was deemed advisable to run tests at higher
temperatures and pressures. Consequently, a series of tests were run
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at 600 lb. per sq. in., gage, steam pressure and 700 deg. F. total steam
temperature. The contamination was from the boiler water. The op-
eration of the unit was modified in several respects. The orifice was
changed to a round hole (No. 75 drill) instead of a slot. The pressure
in the blade holder was changed from atmospheric to 500 lb. per sq. in.,
gage, thus giving a pressure drop of 100 lb. per sq. in. across the nozzle.
The amount of steam passing through the nozzle per hour was the
same as in the previous lower-pressure tests. When these tests were
started the blades were found to be coated with a film of what ap-
peared to be magnetic oxide. This coating formed all over the blade
and was apparently the result of a reaction between the superheated
steam and the steel in the blade. When the pressure was dropped to
300 lb. and the temperature to 500 deg. F. this action stopped. Stain-
less steel blades (18 chromium, 8 nickel) were substituted for the
steel blades. When the steam was of high quality and apparently con-
tained no sodium hydroxide the blade remained clean and was not at-
tacked by the steam. When the boiler water contained sodium hy-
droxide the blades were attacked, and became so brittle that they
broke upon being removed. Substitution of monel metal blades ap-
peared to overcome these difficulties and a series of tests were run
using this type of blade. The results of these tests are given in
Table 12.
IV. PLANT EXPERIMENTS
10. Test Unit Used in Plant Experiments.-The results reported
from the many power plants indicated that the difficulty encountered
with blade deposits was mainly detected by loss of capacity. The
efficiency loss becomes appreciable before capacity loss is detected.
When capacity loss is noticed the deposits have been formed, and
they must be removed to obtain normal operation. Thus, if the water
treatment is to be studied or modified to prevent the deposits from
being formed, it is advisable to have a rapid method of studying the
effect on the formation or prevention of deposits. Early in the research
attempts were made to devise a small testing unit which could be
used to test samples of the steam in an operating plant and to show
in a relatively short period of testing whether the steam would cause
blade deposits or not. If such a unit could be devised a definite study
could be made of the effect of modification of water treatment on the
deposits formed without waiting for the effect to be noticeable at the
turbine.
A small test unit was made which would allow a small amount of
the steam from the header just ahead of the turbine to flow through a
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FIG. 16. PHOTOGRAPHIC VIEW OF BLADES AND TOP OF TEST
UNIT USED IN PLANT TESTS
nozzle, strike a section of regular turbine blades, and then exhaust
through a regulating valve. With data relative to the temperature,
pressure, and size of nozzle available, the velocity of the steam passing
the blade, the quantity per unit of time, etc., could all be calculated.
The blade could be removed at any desired time and the amount of
deposit formed determined by weighing.
Figures 14, 15 and 16 show a drawing and photographs of the test
unit developed and used in the plant tests. The steam passed through
a nozzle and over sections of regular turbine blades. Leaving the
blades, the steam passed out of the unit, and was piped through a
valve to a desired point for disposal. By regulation of the exhaust
valve the pressure in the chamber holding the blade could be held at
any desired value. The temperature was determined by means of a
thermocouple inserted in a well. The blade was cleaned, dried,
weighed, and inserted into the holder. The cover was then bolted on
and the steam pressure adjusted to the desired values. At the end of
the test the steam was shut off, the blade removed while still hot,
cooled in a desiccator, and weighed. The amount of steam passing
through the unit was calculated, and the amount of deposit per unit
ILLINOIS ENGINEERING EXPERIMENT STATION
Fressure Drop Across Nozzle /v lb. •Mr- sq n.
FIG. 17. CHARACTERISTICS OF EXPERIMENTAL UNIT
of steam determined. The deposit formed was reported in milligrams
per million pounds of steam passing through the unit.
The unit was tested in a central station operating at 600 lb. per
sq. in. steam pressure and 725 deg. F. steam temperature. The steam
pressure at the nozzle was between 350 and 520 lb. per sq. in., and
the temperature between 635 and 725 deg. F. The pressure drop
through the unit was adjusted so as to obtain the desired rate of flow.
This was held at 870 lb. per hour in the majority of tests, and was
obtained by having a pressure drop of 100 lb. per sq. in. With this
pressure drop the velocity through the blades was about 460 feet per
second. Figure 17 shows pressure, velocity, rate of flow, and tempera-
ture characteristics of the test unit. Table 13 gives the results of these
tests using the test unit.
The unit was installed on a line connected to the steam header
just ahead of the turbine. The first test was run for 53 hours and
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gave a total deposit of 11.3 mg., or at the rate of 251 mg. per million
pounds of steam. The next test was run under the same conditions
for 234 hours, the amount of deposit was 45.5 mg., and the rate of
deposit was 221 mg. per million pounds of steam. This indicated that
the rate was almost constant and a test of 52 hours was sufficient to
determine the amount of deposit being formed. In the next test the
rate of flow was lowered from 870 to 430 lb. per hour, which changed
the velocity from 460 to 140 feet per second. The deposit increased,
being formed at a rate of 310 mg. per million pounds of steam. This
third test showed that the deposit would be formed over a wide range
of steam flow through the unit. During these tests the regular water
treatment was in use, and the plant was experiencing difficulty with
blade deposits. The turbine was being washed every four weeks.
11. Modification of Water Treatment to Prevent Deposit.-Figure
18 shows the average boiler water conditions during these tests and
the time of turbine washings. The boiler water treatment was modified
early in October 1934 so as to increase the sulphate concentrations to
be similar to those found advisable in the laboratory tests. In order to
obtain the desired sulphate content sodium sulphite was added. The
sulphite would react with the small amount of oxygen present and
reduce corrosion. The sulphate formed would aid in the prevention of
blade deposits.
The sodium sulphate content before the addition of the sulphite
was between 15 and 30 p.p.m. and is not shown on the graph. At the
time of the change in water treatment the sodium hydroxide content
was also increased with a corresponding change in pH value. All of
these changes increased the total dissolved solids in the boiler water
from a maximum of 260 p.p.m. to about 1200 p.p.m. The ratio of the
sodium sulphate to total alkalinity increased to a range between 3.5
and 4.6 for the period between October 1 and November 11.
The turbine was washed on July 22 and then left till September
2nd., a duration of 6 weeks, instead of 4 weeks as usual. The loss due
to blade deposits as calculated from increase in stage pressure over
that of the clean turbine was greater at the end of these six weeks than
for a regular four weeks period, as was to be expected. The water
treatment was changed about October 1, 4 weeks after the turbine
had been washed. At this time the tests run on the turbine showed
about the regular amount of loss due to deposits, but the turbine was
not washed. The deposit did not appear to increase as rapidly as
before the change in water treatment, and the turbine was allowed
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to run until November 11 before washing. The turbine thus ran about
4 weeks prior to the change in water treatment, and then 6 weeks after
the change. The deposit did not appear to be causing any more diffi-
culty at the end of the 10 weeks than at the end of the first 4 weeks.
Tests run on the small testing unit during the period after the
change in water treatment showed a deposit rate of between 20 and
66 rmg. per million pounds of steam as compared with 250 mg. per
million pounds of steam prior to the change, a reduction of about 90
per cent in the deposit. The amounts of deposit weighed were about
0.5 mg., which was about the limit of accuracy of weighing. These
results apparently indicated that the deposit was being materially
reduced.
The turbine was not washed again until February 3, a period of 12
weeks. During this period the sodium sulphate to total alkalinity
ratio dropped from 3.5 to 1.6, and was 2.5 at the time of washing.
The turbine was taken out of service on March 24 for overhauling and
inspection, and was washed to aid in cooling. When the turbine was
opened it was found free from any deposits. This showed that if any
deposits were being formed they were all removed by washing.
While the turbine was out of service the method of adding the
sodium sulphite was changed from intermittent dosage to a continuous
feed. It was hoped that this would give a better control of chemical
feed and thus show a more consistent sulphate concentration. How-
ever, the sulphite was added at a point where an appreciable amount
of oxygen was present (ahead of the heaters) and this brought about
an increase in the sulphate formed. The sulphate content increased to
a much higher value than that previously maintained.
When the turbine went back into service the rate of formation of
blade deposit appeared to be very slow. The turbine was not washed
again until July 14, a period of 14 weeks. Thus the interval between
washings has been increased from the four weeks prior to the change
in water treatment to an average of 12 weeks after the change, and
this large change has occurred even during the period when the control
of the water treatment has been in the experimental stage.
V. DIscussIoN OF RESULTS
12. Cause of Blade Deposits.-The results of these studies indi-
cate that the fouling of the turbine blades is caused by chemicals
carried into the steam from the boiler water. The amount of this
contamination does not have to be large, and a steam which would
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normally be referred to as one of excellent quality might cause a great
amount of deposit. The chemical causing the major portion of the
difficulty appears to be sodium hydroxide. This is present in practi-
cally all boiler waters, and when carried with the steam and super-
heated forms a concentrated sticky solution. This sticky material
adheres to the turbine blades and also forms the basic binder for other
salts present in the form of a dry powder which would normally be
swept past the blades. However, when the caustic soda is present these
salts adhere along with the pasty caustic. This may cause a deposit
in which the relative proportions of the constituents bear no rela-
tionship to the ratios in which they occur in the boiler water.
The amount of deposit is not proportional to the carry over from
the boiler, but depends upon the relationship which exists between the
various salts in the boiler water. Thus a boiler water containing a
relatively large proportion of sodium hydroxide in respect to the total
solids may cause an excessive deposition even with a low concentration
of sodium hydroxide in the boiler water. However, a boiler water
having the sodium hydroxide content low in respect to the total solids
present but high in concentration might not cause any deposit. This
is due to the fact that salts other than sodium hydroxide apparently
aid in the prevention of the deposits.
13. Prevention of Blade Deposits.-The salts which form a dry
powder in the superheated steam adhere to the surface of the droplet
of concentrated pasty sodium hydroxide, and, if present in sufficient
amounts, would entirely coat the particle and allow it to pass through
the turbine without sticking to the blades. Such a method of preven-
tion would naturally require large amounts of the dry powder in re-
spect to the amount of the sticky material. The plant tests and the
laboratory experiments indicate that if sodium sulphate is to be used
to prevent turbine fouling it must be present in amounts greater than
4 or 5 times the actual sodium hydroxide present. Power plant opera-
tors naturally hesitate to increase the total solids in the boiler water
because they fear carry over. However, if this is properly controlled,
and the carry over does not become excessive, the deposits will be
prevented.
While the work which has been done on other methods of pre-
venting turbine fouling has been very limited, it has indicated poten-
tial application of these methods. The dry powder method is mostly
a mechanical action and requires large amounts of inert salts, and
it is possible to have a chemical reaction which would involve smaller
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amounts of active chemicals. Thus a chemical stable in contact with
sodium hydroxide in dilute solutions such as exist in the boiler water
when brought into contact with a concentrated sodium hydroxide
solution at higher temperatures might convert the hydroxide to another
non-adhering salt. This action has been demonstrated by the use of
several organic salts. The fact that the carbon dioxide content of the
steam is not increased when these salts are used shows that the re-
action does not take place until the solutions are superheated and
that a dry inert salt is produced. The amount of these organic salts
necessary to prevent the deposit may be much less than the amount
of inorganic salts required for the same purpose.
The application of the inorganic salt treatment while still in the
experimental stage to one large central power plant has increased the
interval between turbine washings from 4 weeks to around 12 weeks, or
reduced the number of washings from 12 a year to 4. It is entirely
possible that, when the water treatment is better understood, washing
in this plant may be entirely eliminated. The cost of the treatment
used has been very low, being less than $500.00 per year, and the
savings have been materially high, since corrosion has also been
reduced.
The application of these data to power plant operation should be
made only after a careful study of the conditions existing at the par-
ticular plant in question, and any changes which are made should be
under the control of a chemical engineer who thoroughly understands
this field of water treatment.
VI. CONCLUSIONS
14. Summary of Conclusions.-A summary of conclusions drawn
from the results of this work is as follows:
(1) The basic material causing the fouling of turbine blades is
sodium hydroxide.
(2) Certain inorganic salts, such as sulphate, chloride, and car-
bonates, if present in sufficient amounts, will prevent this fouling.
(3) Certain organic salts, such as pyrogallol, sodium benzoate, and
sodium gallate, if present in sufficient amounts, will also prevent this
fouling.
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